• Larger bubbles are generated in electrolyte solutions compared with water at similar conditions • Increasing the salt concentrations makes the bubbles slightly larger • Bubble diameter decreases with increasing heat flux in all three electrolyte solutions • Larger bubbles appear during boiling of NaCl solutions since it has higher surface tension
Since the flow patterns in the boiling depend on the bubble formation and growth, the fluid motion and heat transfer processes are coupled. It is believed that heat transfer mechanisms responsible for the large boiling heat transfer coefficients are directly linked to the bubble activity on the heated surface. Therefore, almost all of the correlations developed to predict heat transfer coefficients in the nucleate pool boiling have a term related to bubble dynamics specially bubble departure diameter (see e.g. correlations proposed by McNelly [1] , Stephan and Abdelsalam [2] , Benjamin and Balakrishnan [3] , Jung et al. [4, 5] , Kedzierski [6] , Vinayak Rao and Balakrishnan [7] ). The bubble departure diameter (d b ) which is used in the above correlations is usually recommended to be calculated using the correlation of Fritz [8] 
Fritz [8] only considered the simple force balance between the surface tension force and the buoyancy force and obtained the above result. This correlation, which was used by several authors, showed acceptable prediction ability.
The bubble departure diameter also strongly influences heat exchanger fouling. It was confirmed by several authors that the major contribution towards the deposition of dissolved salts in water is due to the evaporation at the base of growing bubbles [9, 10] and under most conditions, fouling is more severe during boiling heat transfer because of the mechanisms of bubble formation and detachment during boiling [11] . For example, it was shown that at higher surface temperature, greater fouling resistance occurs [10] . The variation in surface temperature varies the bubble size and also the frequency of bubble generation on the heat transfer surface. This phenomenon can consequently cause higher supersaturation beneath the vapor bubble and greater fouling resistance. Therefore, it is necessary to measure and understand bubble size during boiling conditions and large number of investigations published until now confirmed this idea.
Kiper [12] described a method for determining the bubble departure diameter in saturated nucleate pool boiling. He showed that the minimum departure size varies only with the Jakob number. Yang et al. [13] established a correlation between bubble departure diameter and bubble growth time and suggested a prediction formula for bubble departure diameter by considering the analogue between nucleate boiling and forced convection. Chen et al. [14] conducted visualization experiments for nucleate pool boiling of propane and isobutane on a horizontal smooth tube and two kinds of structured enhanced tubes. The effects of physical properties on the bubble dynamics were shown using different liquids. By comparing with propane, the departure diameter for iso-butane was larger due to the higher surface tension, and the nucleation site density was also higher, which is mainly caused by the much lower vapor density.
In one of the highly related paper, Jamialahmadi et al. [15] investigated pool boiling heat transfer to NaCl, Na 2 SO 4 , and KCl solutions. The effects of the dissolved salts on the nucleation site density, bubble departure diameter and bubble frequency were also investigated. The authors concluded that the presence of a small amount of electrolyte in water is sufficient to increase the bubble size in the low heat flux regime significantly and any further increase in electrolyte concentration has only a minor effect. The effect of heat flux on the mean bubble departure diameter found in that investigation on electrolyte solutions could be correlated by the following equation:
Kim and Kim [16] performed a quantitative analysis of bubble departures during nucleate pool boiling using a characteristic bubble radius and time scales.
Recently, Sarafraz et al. [17] studied subcooled flow boiling heat transfer characteristics of water and ethanol binary solutions in an annulus. The authors indicated that the bubbles were suppressed by increasing fluid flow rate and inlet subcooling.
Meanwhile, some investigations were performed on the measurement of bubble departure diameter in microgravity. For example, Straub [18] summarized the results of a series of microgravity experiments on pool boiling. A great amount of data of bubble departure diameters have been compared with several correlations used in the literature. Zhao et al. [19] reported bubble behaviors observed in microgravity and presented a new semi-theoretical model of bubble growth which takes into account more factors acted on the growing bubble during pool boiling in different gravity conditions. Satisfying agreement between the observation and the predictions was obtained. Xiao and Yu [20] and Xiao et al. [21] proposed a fractal model for subcooled flow boiling heat transfer. The proposed fractal model was a function of wall superheat, liquid subcooling, bulk velocity of fluid, fractal dimension, the minimum and maximum active cavity size, the contact angle and physical properties of fluid.
In this paper, bubble departure diameters during pool boiling heat transfer to pure water and three different electrolyte solutions include NaCl, KNO 3 , and KCl aqueous solutions are measured and compared. Furthermore, the effects of heat flux and salt concentration and also the influences of the physical properties of the solutions on the bubble size are investigated.
EXPERIMENTAL
Apparatus and procedure Figure 1 shows the complete pool boiling apparatus, consisting of a cylindrical stainless steel tank (diameter of 0.25 m and height of 0.3 m) containing 38 liters of test liquid. Further, a vertical condenser is used to condense the evaporated liquid with tap water and recycle it to the pool. A large volume of liquid is considered to ensure that its temperature is not changed by the recycling flow. The test section is mounted horizontally within the tank and can be observed and photographed through observation glasses at both sides of the tank. The tank and condenser are heavily insulated to reduce heat losses to the ambient air. The temperature in the tank is regulated by an electronic temperature controller and a variable electrical transformer in conjunction with a band heater covering the complete cylindrical outside surface. The pressure in the apparatus is monitored continuously and a pressure relief valve is installed for safety reasons. All the experiments were performed at atmospheric pressure. Boiling occurs at the outside of a cylindrical stainless steel test heater with a diameter of 10.67 mm, and a heated length of 99.1 mm. The test heater consists of an internally heated stainless steel sheathed rod, which is covered by a thick copper layer to generate uniform heat flux. The power supplied to the test heater could be calculated from the measured current and voltage drop.
Initially, the test section and the tank were cleaned and the system connected to a vacuum pump. Once the pressure of the system reached approximately 10 kPa, the test solution was introduced. Following this, the tank band heater was switched on and the temperature of the system allowed to rise. Once the system was de-aerated, it was left at the desired pressure and the corresponding saturation temperature for about three hours to obtain a homogenous condition throughout. Then, the power was supplied to the test heater and kept at a predetermined value. Some runs were repeated later to check the reproducibility of the experiments, which proved to be excellent.
The sizes of bubbles are measured using image analysis software and the mean value of at least 10 bubbles was reported as the bubble departure diameter in that condition. In almost all conditions, the heating surface includes some oversized/undersized bubbles, which are related to bubble coalescence and breakage phenomenon and are excluded from measurements. Image analysis is performed in the area located at the height of 5 cm above the heating element. Bubble diameter was calculated using Sigma Scan software. This software enables measuring the projected areas of all the selected bubbles in the images. The average value of these areas equates with the area of equivalent circle to obtain bubble departure diameter. This measurement has uncertainty less than 5%.
The test liquids included different aqueous electrolyte solutions, i.e., NaCl, KNO 3 and KCl solutions, which were used at different concentrations. Bubble departure diameters in NaCl, KNO 3 and KCl solutions were measured at six various heat fluxes (below 90 kW/m 2 ) and seven different salt concentrations (below 70 kg/m 3 ). The boiling points of these solutions are shown are directly related to the salt concentration ( Figure 2 ). All the physical properties of the solutions and their boiling point data were taken from International Critical Tables [22] except surface tension, which was measured experimentally. Surface tension was measured using the commonly utilized maximum bubble pressure method which was used by several authors (see, e.g., [23] ).
RESULTS AND DISCUSSIONS
Bubble departure diameter in distilled water Distilled water was used to check the accuracy of the experimental results and the calibration of the system for two reasons:
a) The physical properties of distilled water are well known with high accuracy. b) Pool boiling heat transfer of distilled water and the related bubble dynamics has been studied by several investigators over a wide range of heat fluxes. Therefore, it can be used to check the accuracy of the experimental set up. Figure 3 shows the bubble departure diameter of water as a function of heat flux. It can be seen that bubble departure diameter increases slightly with heat flux due to the rise in the wall superheat. Furthermore, prediction of the correlation proposed by Fritz [8] and Ruckenstein [24] were also demonstrated in this figure. As can be seen in Figure 3 , Ruckenstein [24] correlation shows better prediction especially for the effect of heat flux with absolute average error of about 16%. The experimental results are not in good agreement with the prediction of Fritz [8] correlation which is inherently independent of heat flux. This correlation overpredicts the experimental data with an absolute average error of 22%. Figure 4 shows the appearances of heat transfer surface during pool boiling of water at three different heat fluxes. It is seen that the departing bubbles have irregular shapes at all values of heat fluxes. It is also shown that the number of generating bubbles increases with increasing heat flux. Furthermore, very large bubbles appear far from the heat transfer surface due to sever bubble coalescence in distilled water especially at higher heat fluxes.
Bubble departure diameter in electrolyte solutions
The results obtained for the bubble departure diameter of NaCl, KNO 3 and KCl solutions are shown in Figure 5A -C, respectively. As can be seen, increasing heat flux causes the bubble diameter to be sharply reduced. This is in contradiction to the behavior of bubbles in distilled water boiling. Figure 3 shows that the bubble departure diameter increases with increasing heat flux in distilled water. Increasing heat flux causes more nucleation sites to be active and slightly larger bubbles generated in distilled water while in the electrolyte solutions the situations become reverse. The precence and accumulation of dissolved salts in the microlayer inhibits the activity of nucleation sites and less sites are active in the same heat flux. Therefore, larger bubbles are generated at same heat flux compared with distilled water.
When the heat flux increases in the electrolyte solutions, more nucleation sites become active and generate smaller bubbles. When a vapor bubble geneates in the electrolyte solution, it contains entirely water vapor. Therefore, the salt concentration in the vicinity of the heater becomes greater compared with the liquid bulk. This concentration difference produces diffusion of salt molecules from the bubble interface to the liquid bulk and reversely diffusion of water molecules from liquid bulk to the bubble interface. In these conditions, mass transfer of water from the bulk of liquid to the bubble interface becomes the limiting process. This phenomenon causes heat transfer reduction in the electrolyte solutions compare with distilled water as previously demonstrated by Jamialahmadi et al. [15] . This mass transfer interference effect was also observed in the boiling of binary mixtures [25, 26] . Alavi Fazel and Shafaee [27] performed an experimental study on pool boiling of electrolyte solutions. Their results show that the bubble detachment diameter increases with increasing either boiling heat flux or electrolyte concentration. Their results regarding the effect of heat flux on bubble diameter are in direct contradiction with the present investigation and the experimental study of Jamialahmadi et al. [15] . Although it is not highlited by Alavi Fazel and Shafaee [27] , this conclusion is due to the subcooled pool boiling conditions existed in their experiments. In the subcooled pool boiling of electrolyte solutions, bubble departure diameter increases with increasing heat flux while in the saturated pool boiling bubble departure diameter decreases with increasing heat flux.
The effect of salt concentration on the bubble departure diameter is shown in Figure 6 at a constant heat flux. It is clear from Figure 6 that the bubbles get larger when a small amount of salt is added to distilled water. The addition of dissolved salts in water causes their accumulation in the microlayer beneath the vapor bubbles. It inhibits the activity of nucleation sites and fewer sites are active in the same heat flux. Therefore, to repel the heat from the heat transfer surface, larger bubbles are generated at the same heat flux compared to distilled water. Also, it is obvious that the bubble departure diameter in the NaCl solution is slighlty larger than two other electrolyte solutions in all the concentration investigated. 
Visual observations
Photographic studies of bubble dynamics are customary in the literature. The main objective of this study is to measure visually the bubble departure diameter of three kinds of electrolyte solutions in different concentrations and heat fluxes. Some of the selected photos taken from the heat transfer surface are presented in Figure 7 . It is interesting to have different bubble appearances in these electrolyte solutions at same conditions. It is obvious that bubbles in NaCl solutions are almost spherical, while in KCl and KNO 3 solutions they have oblate, hemispherical, and irregular shape. Also, the number of dispersed bubbles in NaCl solutions seems to be greater than that in KCl and KNO 3 solutions, while their sizes in NaCl solutions seem to be smaller. These observations are in contradiction with the results presented in Figure 6 , which indicate larger bubbles in NaCl solutions. It should be mentioned that larger bubbles in the photos taken from KCl and KNO 3 solutions are generated as a result of bubble coalescence (merging of two or more small bubbles in the larger one). One can find large coalesced bubbles far from the heated surface while we measured the bubble diameter just at the departing time. Bubbles in the vicinity of the heat transfer surface in KCl and KNO 3 solutions are smaller than those in NaCl solutions. Since larger bubbles appeared far from heated surface in KCl and KNO 3 solutions compared with NaCl solutions, it may be concluded that more bubble coalescence may occur in the KCl and KNO 3 solutions comparing with NaCl solutions. It was previously shown that coalescence occurs easily in pure water and increasing concentrations of added electrolytes there is a transition to coalescence inhibition [28] [29] [30] . This point can be inferred from the results of the present study comparing Figures 4 and 7. Bubble coalescence is related to the surface tension force and is discussed later in this paper.
Effect of different physical properties
The process of bubble formation is governed by many operating parameters and physicochemical properties such as liquid viscosity, liquid density, and nature of liquid (i.e., polar or nonpolar, etc.), which decide the mode of bubble formation and subsequently reflects on bubble size. The main forces acting on a moving bubble are gravity, buoyancy, drag, viscous forces, added mass force, and the lift force. Fluid physical properties have the main responsibility for the magnitude of these forces. In this chapter, their influences on the bubble departure diameter have been discussed according to literature and the present experimental data.
Effect of surface tension
Apparently, the addition of a small amount of salt to water has no strong influence on the surface tension of the solution since these salts are not surface active agent. Effects of the addition of NaCl, KNO 3 and KCl to distilled water on the surface tension of the solutions are presented in Figure 8A . As can be seen in Figure 8A , the addition of these salts slightly improves the surface tension of the solutions with respect to water (58.8 mN/m at 100 °C [22] ) while further increase in salts concentrations has no measurable effect on the surface tension. Generally, NaCl solutions have higher surface tension than the other electrolyte solutions. Therefore, larger bubbles must appear on the heat transfer surface during the boiling of NaCl solutions. The bubble diameter for the three electrolyte solutions previously shown in Figure 6 confirms this idea. Inoue et al. [23] , in the study of pool boiling to water/ethanol binary mixtures, observed that the bubble departure diameter becomes small and the number of nucleation site increases with an increase in the surfactant concentration (or reduction of surface tension). Wasekar and Manglik [31] also observed the same phenomena in pool boiling of aqueous solutions with sodium dodecyl or lauryl sulfate. 
Effect of viscosity
The effect of viscosity on the various phenolmena related to the boiling such as bubble formation, bubble growth and detachment, rising velocity from the heat transfer surface, and consequently the heat transfer coefficient that is related to these phenomena, has been little investigated. It is obvious from Figure 8B that the addition of NaCl to distilled water slightly increases the viscosity of the solution whereas KCl has no measurable effect on the viscosity. It should be mentioned that almost all of the correlations proposed for the prediction of bubble departure diameter exclude the effect of viscosity [8, 24, 32, 33] . One of the correlations that include the effect of viscosity of the liquid belongs to Kutateladze and Gogonin [34] .
Effect of density
In all the electrolyte solutions used in this study, the vapor bubbles produced generally contain pure water vapor and therefore the vapor phase densities are the same. For the comparison, Figure 8C shows the liquid densities of these solutions as a function of the salt concentration. It can be seen that all of these electrolyte solutions have similar liquid densities and therefore, it can be concluded that this physical property has no measurable contribution in the bubble size and appearance.
CONCLUSION
In pure water, bubble diameter increases with increasing heat flux, whereas in all three electrolyte solutions bubble diameter decreases with increasing heat flux. This difference is due to the mass transfer resistance created in the bubble vicinity for pool boiling of electrolyte solutions.
• In electrolyte solutions, larger bubbles are generated on the heat transfer surface compared with distilled water at same heat flux. The presence and accumulation of dissolved salts in the microlayer inhibits the activity of nucleation sites and therefore, less sites are active at the same heat flux.
• Increasing the salt concentrations makes the bubbles slightly larger.
• NaCl solutions have higher surface tension than the other electrolyte solutions. Therefore, larger bubbles appeared on the heat transfer surface during the boiling of NaCl solutions.
• Bubbles in NaCl solutions are almost spherical, while in KCl and KNO 3 solutions they have oblate, hemispherical, and irregular shape.
Number of dispersed bubbles in NaCl solutions seems to be greater than that in KCl and KNO 3 solutions, while their sizes in NaCl solutions seem to be smaller. It is due to the fact that increasing concentrations of added electrolytes inhibits the coalescence of bubbles.
